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Commercially available PEI is a highly branched, water-soluble polymer which is usually prepared via cationic ring-opening polymerization of ethylene imine. LPEI can be produced by the living cationic ring-opening polymerization of 2-ethyl-2-oxazoline (EtOx), 18, 19 followed by alkaline or acidic hydrolysis of the resulting PEtOx. 20-24 LPEI exhibits markedly different solubility properties compared with the commercially available, highly branched PEI. Due to its linear and flexible backbone, LPEI is insoluble in water at room temperature but dissolves when heated. 24 Moreover, LPEI has been found to adopt a double-stranded helix structure in the solidstate, when free from traces of moisture. [25] [26] [27] [28] Upon introduction of water molecules into the crystal lattice, a planar-zigzag conformation is adopted. Thermal effects upon the crystalline structure of LPEI in water have also been investigated. 29 , 30 The solubility change was attributed to the thermal induced conformational transition from the planar-zigzag form to random coil one, followed by hydration. In the heating/cooling cycle large hysteresis, attributed to the formation of intermolecular hydrogen bonds, has been observed. The cloud points seen in solutions of LPEI have been directly related to the polymer's melting point and the degree of polymerization.
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Several copolymers of other thermosensitive blocks with PEI have been explored in order to modify its cytotoxicity and transfection efficiency and their response to stimuli in solution. [31] [32] [33] [34] [35] Our study has focused on the solution properties of LPEI-comb-PEtOx copolymers comprised of a LPEI backbone with hydrophilic PEtOx branches. PEtOx has been identified as a biocompatible polymer, with even faster blood clearance than poly(ethylene oxide) (PEO), which makes it especially attractive for a variety of biomedical applications. 36, 37 Furthermore, a cloud point temperature of around 61-64 °C, which can be tuned by varying the degree of polymerization, polymer composition and concentration, was found for PEtOx polymers with molecular weights ranging from 20 to 500 kDa. 36, 38 It has also been reported that PEtOx with a molecular weight below 10 kDa does not exhibit a cloud point.
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Quantitative deacylation of LPEI-comb-PEtOx to prepare LPEI-comb-LPEI polymers has been reported. 41, 42 In contrast to LPEI-comb-PEtOx, LPEI-comb-LPEI consists of insoluble branches as well as an insoluble polymer backbone (at room temperature) and to the best of our knowledge, the thermal and aqueous solution properties of these polymers remain unstudied.
Herein, we aim to quantify the physicochemical changes and possible phase-transitions of the comb-like polymers LPEI-comb-PEtOx and LPEI-comb-LPEI in water, in order to achieve a more fundamental understanding of their solution phase behaviors. The effect of the main and side chain lengths, as well as the grafting density on the aggregates formed from the various LPEI-based comb-like polymers in aqueous solution has been studied as a function of temperature using dynamic light scattering and small angle neutron scattering.
Experimental

A. Materials
All glassware was dried at 150 °C overnight and assembled under a stream of dry nitrogen. 2-Ethyl-2-oxazoline (Aldrich) was distilled from calcium hydride. Methyl para-toluenesulfonate (Aldrich) was purified via vacuum distillation. Acetonitrile (Aldrich, 99.8%) anhydrous, tetrahydrofuran (Aldrich, 99.9+ %, HPLC grade), anhydrous dichloromethane (Aldrich, ≥ 99.8%) and anhydrous diethyl ether (Aldrich, ≥ 99%) were used without further purification.
Hydrochloric acid (32%) was purchased from Fisher Scientific. Dialysis tubing (Medicell International Ltd.,) with cutoff in the range from 3.5 to 20 kDa was used for the separation of LPEI-comb-PEtOx comb-like polymers from unreacted PEtOx. Deuterium oxide (Aldrich) and high purity water (Elga Ultrapure) were used throughout.
B. Polymerizations
Synthesis of PEtOx
The following procedure for the synthesis of PEtOx 66 is representative. The other PEtOx n polymers were obtained by altering the ratio of monomer (EtOx) to initiator (TsOMe).
Synthesis of LPEI
The following procedure for the synthesis of LPEI 96 , is representative. PEtOx 96 (1.00 g, 0.105 mmol) was dissolved in 4.7 M HCl (aq) (5 mL) and heated at 100 °C for 12 h. After cooling to room temperature, the acid/water was evaporated under reduced pressure. The resulting solid was re-dissolved in water and the pH adjusted to 8-9 by addition of 2.5 M NaOH (aq) solution. The resulting precipitate was filtered and washed thoroughly with deionised water. The remaining water was removed by freeze-drying to afford the product as a white powder.
Synthesis of LPEI-comb-PEtOx
The following procedure for the synthesis of LPEI 20 -comb 20 -PEtOx 96 copolymer (the coding of samples is described below) is representative. (dried by azeotropic distillation) in toluene was added. In this case, the molar ratio of oligomer PEtOx chains to secondary amine groups (on the LPEI core) was one. The mixture was refluxed for 8 h, during which time the LPEI-comb-PEtOx formed a separate liquid phase. After cooling to room temperature, the comb-like polymer was dissolved in anhydrous dichloromethane and precipitated in cold diethyl ether. Ungrafted PEtOx oligomers were removed by dialysis (20kDa MWCO) against deionized water. Finally, water was removed from the polymer by freezedrying.
Synthesis of LPEI-comb-LPEI
The following procedure for the synthesis of LPEI 20 -comb 20 -LPEI 96 is representative. The resulting LPEI 20 -comb 20 -PEtOx 96 copolymers were hydrolyzed by heating in 4.7 M HCl (aq) at 90 °C overnight. After cooling to room temperature, the pH was adjusted to 9-10 by slow addition of 2.5 M aqueous NaOH solution. The mixture was then heated to reflux under a nitrogen atmosphere and the product formed an oily layer on the surface of the solution, which became solid upon cooling. It was removed and redissolved in 600 mL of boiling water. This mixture was allowed to cool and a white suspension was obtained. After ultra centrifugation at 8000 rpm for 10 minutes, the clear liquid was decanted and the white precipitate dried via azeotropic distillation with toluene in a Dean-Stark apparatus to afford the title compound as a white solid. 
C. Preparation of polymer aqueous solutions
Dynamic Light Scattering (DLS)
The light scattering photometer consists of a 50 mW He/Ne laser, operating at 633 nm with a standard avalanche photodiode (APD) and 90° detection optics connected to a Malvern Zetasizer Nano S90 autocorrelator. The quartz glass cylindrical cuvette was sealed and then immersed in a temperature controlled cell holder. Hydrodynamic radii (R h ) of the polymers were measured at 90°. At least 10 correlation functions were analyzed per sample, at each temperature, in order to obtain an average measurement.
Small Angle Neutron Scattering (SANS)
The SANS experiments were performed at the SANS1 instrument at the FRG1 research reactor at Helmholtz-Zentrum Geesthacht: Zentrum für Material und Küstenforschung GmbH, Geesthacht, Germany. 43 The range of scattering vectors q from 0.005 to 0.26 Å -1 was covered by four sample-to-detector distances (from 0.7 to 9.7 m). The neutron wavelength was 8.1 Å, and the wavelength spread of the mechanical velocity selector was 10% (fwhm). The samples were kept in quartz cells (Helma, Germany) with a path length of 2 mm. For isothermal conditions, a thermostatted sample holder was used. The raw spectra were corrected for background signals from the solvent (D 2 O), sample cell, and other sources by conventional procedures. The twodimensional isotropic scattering spectra were azimuthally averaged, converted to absolute scale, and corrected for detector efficiency by dividing by the incoherent scattering spectrum of pure water, which was measured with a 1 mm path length quartz cell. The smearing induced by the different instrumental settings was included in the data analysis.
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Results and discussion
Synthesis and characterization of PEtOx and LPEI polymers
The living character of the cationic ring-opening polymerization of EtOx has been extensively investigated and reviewed. 18, 19, 36 In this work, the strong electrophile methyl paratoluenesulfonate was employed to initiate the polymerization of EtOx. A number of polymerizations were carried out (Table 1) (Table 1) .
LPEI was obtained by acidic hydrolysis of PEtOx. It was reported previously that the degree of deacylation of PEtOx could be controlled by the amount of acid used. 21 To facilitate the complete hydrolysis, an excess of acid was employed. Examination of the 1 H NMR spectra revealed the degree of hydrolysis to be >95%. The DP of the resulting LPEI was confirmed as equivalent to that of the corresponding PEtOx precursors (see Supporting Information). 
Synthesis of LPEI-comb-PEtOx and LPEI-comb-LPEI polymers.
The LPEI-comb-PEtOx and LPEI-comb-LPEIs were synthesized by a comb-burst branching strategy, as utilized by Tomalia. 41, 42 Recently, this method has been successfully applied by Aoi 45 to obtain chitin derivatives featuring PEtOx side chains. The technique involves the grafting of PEtOx chains onto a LPEI "initiator core" in order to produce comb-branched LPEI-comb-PEtOx copolymers. These compounds were then hydrolysed in order to obtain the final LPEI-comb-LPEI products. In particular, the reaction involves the quenching of the living PEtOx oligomers onto secondary amines of LPEI resulting in LPEI-comb-PEtOx in good yields ( Figure 1 ). This strategy allows a significant control of the critical molecular design parameters, such as size, Table 2 . All comb-like polymers have also been characterized by solid-state Fourier
Transform Infrared (FTIR) spectroscopy. The transmittance FTIR spectra of some of the solid LPEI-comb-PEtOx and LPEI-comb-LPEI polymers are shown elsewhere. 46 The structure of LPEI-comb-PEtOx and the final LPEI-comb-LPEI polymers is schematically presented in Figure   2 . 
Dynamic Light Scattering
In this section we consider the solution properties of sparsely grafted LPEI-comb-PEtOx and LPEI-comb-LPEI copolymers in water. For comparison purposes, the solution behavior of the related LPEI polymers was studied as well. For LPEI-comb-PEtOx, water is a poor solvent for the main chain at ambient temperatures but efficiently solvates the branches. Solutions of LPEIcomb-PEtOx appeared optically transparent at all temperatures. They remained stable and clear for at least one month after preparation. LPEI and LPEI-comb-LPEI were initially dissolved by heating the solutions to 60 °C, followed by cooling to 45 °C. The solutions were equilibrated at 45 °C for 15 min and then quickly placed into the DLS holder. The solutions appeared moderately to highly opalescent and only became clear at the highest temperatures tested. DLS measurements were carried out at five different temperatures (25, 35, 45, 55 , and 65 °C) for the LPEI-comb-PEtOx polymers and at 45, 55 and 65 °C for LPEI and LPEI-comb-LPEI polymers.
The observation of bi-or trimodal relaxation time distributions made the determination of the static light scattering parameters impossible.
Examples of relaxation time distributions for LPEI, LPEI-comb-PEtOx and LPEI-comb-LPEI polymers are shown in Figure 3 . The calculated hydrodynamic radii are summarized in Table 3 .
For LPEI, at 45 °C, along with the fast modes corresponding to particles with dimensions of several nm, slow modes of amplitude ≥ 47% and R h slow ≥ 155 nm were also observed. Upon increasing the temperature, however, the slow modes disappeared and distribution was monomodal (see Figure 3a) . 48 , respectively, which decreased to 52 nm and 114 nm upon heating to 65 °C. For the other LPEI-comb-LPEI polymers accompanying modes were observed at elevated temperatures (see Figure 3b) . Typically, the slow modes featured amplitudes of ≥ 62% and correspond to particles with dimensions from 82 to 480 nm. Fast particles with R h fast ≤ 32 nm and amplitudes ≤ 6% were responsible for intermediate modes observable at 55 °C. Of particular interest are the fast modes which appeared upon heating the solutions of LPEI 20 to 55-65 °C. These particles have radii of several nm and it is reasonable to assume that they are unimers. The dissolution of LPEI in water upon heating has been recently described in terms of melting of the hydrated polymer crystals. 22, 30 Furthermore, the latest simulation data described the conformation of a linear polymer under poor solvent conditions as a globule of densely packed blobs which unfold in the presence of a good solvent. 48, 49 By the use of DLS we are now able to directly monitor the thermal effect upon the LPEI and LPEI-comb-LPEI particles in solution and determine the factors which affect the aggregates' stabilities. The data show that upon heating, the large particles gradually dissociated into smaller aggregates, their contribution to the scattering light decreases and eventually the polymers dissolve to unimers. This can be attributed to the weakening of intra-and interchain hydrogen bonds between water and the -NH groups of LPEI 29,30,50 and LPEI-comb-LPEI, leading to an increase in the polymer mobility and solubility.
Recently, disintegration of large micron-size aggregates upon heating has been also reported for the poly(glycidol)-based analogues to the Pluronic ® block copolymers. 51, 52 The disintegration of the large particles has been assigned to the breakdown of the multiple intra-and interchain hydrogen bonds in the poly(glycidol) moieties, either via direct poly(glycidol)-poly(glycidol) Table 3 ). It is reasonable to assume that these are dimers, trimers or slightly larger aggregates, which also appear to be dominant particles in solutions. For all samples, a decrease in R h slow was observed with increasing temperature, a feature which correlates well with the increasing solubility of LPEI moieties upon heating. The addition of PEtOx side chains and the accompanying change in macromolecular topology had a dramatic effect on the solubility of the polymer as a whole. Despite the collapse LPEI backbone at room temperature, the copolymer was observed by varying the hydrophobic/hydrophilic balance of the copolymer. 55 In order to investigate the particle structure and possible phase transitions induced by changing solvent strength and how these are affected by the polymer composition, aqueous solutions of the comblike LPEI-based copolymers were further studied by SANS and the results are shown below.
SANS analysis:
SANS experiments were performed at 25, 45 and 60 °C for LPEI-comb-PEtOx and 45 °C for some of the LPEI-comb-LPEI polymers.
Representative SANS profiles for selected LPEI-comb-PEtOx polymers are shown in Figure 4 .
The scattering data were first analyzed by slope determination (i.e., I(q) ~ q -α ). The slopes at different q ranges were calculated and selected examples are presented in Table 4 . As seen in Figure 4 , the scattering curves of the polymers are similar in shape and at low q range (q < 0.03
) the scattering from structures with an average radius of 60 Å could be detected. On the q scale of the SANS measurements no traces of scattering from the large LPEI-comb-PEtOx particles (seen as a slow mode by DLS) were observed. Therefore, it has been assumed that the main scattering objects in the SANS experiments are the small particles, which were detected as a fast mode by DLS.
The complete q range was analyzed by the Indirect Fourier Transformation (IFT) approach developed by Glatter 56 and later revised by Pedersen. 57 Details of this analysis are presented in the Supporting Information. This approach requires only limited information on the possible shapes of the aggregates: sphere-like (all three dimensions are of same length scale), rod-like (one size-dimension is much larger than the other two) or sheet-like (one dimension is small relative to the other two). Previously, IFT has been successfully applied to characterize aqueous solution properties of a range of polymer and surfactant systems. 51, 58, 59 Application of IFT enabled us to calculate the shape of the p(r) function (pair distance distribution function); from the p(r) function it is possible to calculate: I(0) (scattering at "zero angle") and R g (radius of gyration of neutron scattering contrast within the aggregate). The values of these two quantities for each polymer are shown in Table 4 . At elevated temperatures the scattering contrast of the particles becomes larger (i.e., I(0) increases and R g decreases upon heating) which could be attributed to polymer dehydration. The R g values were determined from the second moment of the p(r) functions (Table 4) 4.0x10 -6 6.0x10 -6 8.0x10 (Figure 7a ) point to an anisotropic shape of the aggregates. Slight decreases in the particle dimensions were observed for LPEI 66 -comb 4 -PEtOx 48 at elevated temperatures, when the contribution of the core to the overall scattering of the aggregates is increased (Table 4) . A further reanalysis by IFT as scattering from rod-like particles gave the p CS (r) functions shown in Figure 7b and in the Supporting Information. The shape of the p CS (r) function for LPEI 66 -comb 4 -PEtOx 48 is only slightly asymmetric, with a decrease of both crosssection size and asymmetry at high temperatures, suggesting that the cylindrical cross-sections of LPEI 66 -comb 4 -PEtOx 48 aggregates become more compact and closer to circular (see Supporting which can be explained by the core-shell model (Figure 7b ). The analysis implies that the cylindrical structures consist of a core and shell (the contribution of the shell increases with temperature) and do not exhibit detectable changes in size over the temperature range studied (see Table 4 ). 4.0x10 -6 6.0x10 -6 8.0x10 function is characterized by two maxima at short and long distances, which are attributed to the scattering of the main chain and of the branches, respectively. The particles formed are large, with radii of over 100 Å. The data correlate well with the particle dimensions indicated by DLS.
The largest particles are these formed from LPEI 96 -comb 5 -LPEI 48 . The almost-Gaussian shape of the p(r) function for this polymer implies that the particles are compact and close to spherical.
The data for LPEI 66 -comb 7 -LPEI 66 showed values of slopes at low q close to -1 which is characteristic of rod-like objects. IFT analysis for rod-like objects adequately accounted for the data with the p CS (r) function shown in Figure 8b . Its asymmetric shape is indicative of an elliptical cross-section for LPEI 66 -comb 7 -LPEI 66 aggregates. 1.0x10 -6
1.5x10 -6 2.0x10 -6 2.5x10 -6 3.0x10 
Concluding remarks
A range of LPEI and sparsely grafted, random LPEI-comb-PEtOx and LPEI-comb-LPEI polymers have been synthesized and their aqueous solution-phase behaviors studied over a range of temperatures. Large particles which tended to decrease in size upon heating were observed in both the LPEI and LPEI-comb-LPEI solutions. In contrast to LPEI, the formation of larger and more thermally stable particles was observed in the LPEI-comb-LPEI aqueous solutions. The thermal stability was more pronounced for the polymers featuring longer backbones, shorter branches and lower grafting densities (LPEI 96 -comb 5 -LPEI 48 and LPEI 68 -comb 4 -LPEI 48 ). LPEIcomb-PEtOx polymers were found to form smaller aggregates with smoother temperature variations of R h . The shape and internal structure of the LPEI-comb-PEtOx and LPEI-comb-LPEI aggregates, as well as the temperature evolution of LPEI-comb-PEtOx particles was further Figure 9 . Shape transitions of LPEI-comb-PEtOx small particles with temperature and polymer composition. The objects are not drawn to scale.
